Specialized subgroups of hypothalamic neurons exhibit specific excitatory or inhibitory electrical responses to changes in extracellular levels of glucose. Glucose-excited neurons were traditionally assumed to employ a 'b-cell' glucose-sensing strategy, where glucose elevates cytosolic ATP, which closes K ATP channels containing Kir6.2 subunits, causing depolarization and increased excitability. Recent findings indicate that although elements of this canonical model are functional in some hypothalamic cells, this pathway is not universally essential for excitation of glucose-sensing neurons by glucose. Thus glucose-induced excitation of arcuate nucleus neurons was recently reported in mice lacking Kir6.2, and no significant increases in cytosolic ATP levels could be detected in hypothalamic neurons after changes in extracellular glucose. Possible alternative glucose-sensing strategies include electrogenic glucose entry, glucose-induced release of glial lactate, and extracellular glucose receptors. Glucose-induced electrical inhibition is much less understood than excitation, and has been proposed to involve reduction in the depolarizing activity of the Na C /K C pump, or activation of a hyperpolarizing Cl K current. Investigations of neurotransmitter identities of glucosesensing neurons are beginning to provide detailed information about their physiological roles. In the mouse lateral hypothalamus, orexin/hypocretin neurons (which promote wakefulness, locomotor activity and foraging) are glucose-inhibited, whereas melanin-concentrating hormone neurons (which promote sleep and energy conservation) are glucose-excited. In the hypothalamic arcuate nucleus, excitatory actions of glucose on anorexigenic POMC neurons in mice have been reported, while the appetite-promoting NPY neurons may be directly inhibited by glucose. These results stress the fundamental importance of hypothalamic glucose-sensing neurons in orchestrating sleep-wake cycles, energy expenditure and feeding behaviour.
INTRODUCTION
'Glucose-sensing' neurons are specialized cells that respond to changes in extracellular glucose concentration with changes in their firing rate. These sensing responses are specific to glucose-sensing neurons, i.e. they are distinct from the ubiquitous 'run-out-of-fuel' silencing of neurons by low glucose (Yang et al. 1999; Mobbs et al. 2001; Routh 2002) . Apart from the hypothalamus, glucose-sensing neurons are also present in other brain regions, such as the brainstem (Adachi et al. 1995) , but in this review we concentrate on hypothalamic cells. First discovered in the 1960s, hypothalamic glucose-sensing neurons comprise subgroups of cells in the lateral, arcuate, and ventromedial hypothalamic regions, and can be either electrically inhibited or excited by elevations in extracellular glucose (Anand et al. 1964; Oomura et al. 1969; Routh 2002; Wang et al. 2004) . The activity of these cells is thought to be critical in responding to the ever-changing body energy status with appropriately coordinated changes in hormone release, metabolic rate, food intake and locomotor activity, to ensure that the brain always has adequate glucose (Routh 2002 (Routh , 2003 Levin et al. 2004; Routh et al. 2004) . This is of fundamental importance, because unlike most peripheral tissues, the brain becomes irreversibly damaged if deprived of glucose for only a few minutes. The need for coordinated regulation of metabolism and behaviour, to guarantee present and future provision of adequate concentrations of glucose around central neurons, is probably why the brain itself evolved the means to monitor and respond to changes in glucose, instead of relying on peripheral organs such as the liver.
The biophysical and molecular mechanisms responsible for the effects of glucose on glucoseinhibited and glucose-excited neurons are still a matter of some controversy. The fundamental neurophysiological roles of hypothalamic glucose-sensing neurons, i.e. which transmitters these cells use and which regions they innervate, are also only beginning to be understood. In this article, we follow a simple 'input-processing-output' conceptual framework to look at some experimental data that may be relevant for understanding the physiological operation of hypothalamic glucose-sensing neurons. The aim of this short review is not to present a comprehensive overview of the field, nor to promote or disprove a particular model, but to highlight several possibilities that appear consistent with the currently available evidence. We specifically focus on biophysical, molecular and neurochemical features that may be relevant for physiological operation of glucose-sensing neurons in the lateral, arcuate, and ventromedial regions of the hypothalamus.
INPUT: WHAT CHANGES IN GLUCOSE COMPRISE PHYSIOLOGICAL STIMULI FOR GLUCOSE-SENSING NEURONS?
The nature of changes in ambient glucose that hypothalamic glucose-sensing neurons experience under physiological conditions was recently discussed in detail (Routh 2002) , and so only some of the key points will be summarized here. As a general rule, the extracellular concentration of glucose in the brain is 10-30% of that in the blood (Silver & Erecinska 1994; Routh 2002; de Vries et al. 2003; Levin et al. 2004) , depending on brain region, and basal levels in the hypothalamus appear to be about 1.4 mM (measurements from the ventromedial nucleus of fed rats, de Vries et al. 2003) . Changes in glucose in the brain rapidly follow those in the blood (Silver & Erecinska 1994) , and the extracellular glucose concentration range in the brain that corresponds to meal-to-meal fluctuation of glucose in the plasma (about 5-8 mM) is expected to be between 1 and 2.5 mM (Routh 2002) . Crucially, at least some of the glucose-sensing neurons in the lateral, arcuate and ventromedial hypothalamic regions electrically respond to changes in glucose within the latter concentration range, emphasizing the relevance of these cells for processing normal, physiological changes in glucose (Burdakov et al. 2005; Song & Routh 2005; Wang et al. 2004) . It is also noteworthy that glucose-sensing neurons located near regions with a reduced blood-brain barrier (known as circumventricular organs, Ganong 2000), for example, the median eminence region that neighbours the hypothalamic arcuate nucleus (Elmquist et al. 1999) , may in theory experience much higher glucose concentrations than other brain cells, even approaching those present in the plasma. If this is the case, for glucose-sensing neurons of the arcuate nucleus, high glucose concentrations (greater than 5 mM) may well comprise a physiologically relevant stimulus (Fioramonti et al. 2004) . On the other hand, experiments involving very low concentrations of glucose should be interpreted with caution: exposing glucose-sensing neurons to 0 mM glucose is not a good stimulus for studying specific glucose-sensing responses because any neuron will eventually be forced to become electrically silenced in the absence of glucose due to energy depletion (Mobbs et al. 2001; Routh 2002) .
PROCESSING: CONVERTING CHANGES IN GLUCOSE INTO CHANGES IN NEURONAL ELECTRICAL ACTIVITY
Two populations of hypothalamic glucose-sensing neurons exist: those excited and those inhibited by glucose. These neurons are directly sensitive to glucose (i.e. not through modulation of input from presynaptic neurons). Indirect (presynaptic) modulation of hypothalamic neurons by glucose has also been reported (Song et al. 2001; Routh 2002 ), but will not be discussed here. In this section, we focus on how an elevation in extracellular glucose can be converted into an increase in electrical activity of glucose-excited neurons. How glucose suppresses the electrical activity of glucose-inhibited neurons is understood much less, and was initially proposed to involve a reduction in the depolarizing activity of the electrogenic Na C /K C pump (Oomura et al. 1974) , and more recently, an activation of a hyperpolarizing Cl K current (Routh 2002 ). However, these possibilities remain to be investigated in detail.
(a) Models of glucose-excited neurons inspired by the pancreatic b-cell (i) The canonical b-cell model The insulin-secreting b-cells of the endocrine pancreas, which respond to a rise in extracellular glucose with membrane depolarization (and consequent increase in electrical activity and insulin release), are the best understood glucose-sensing excitable cells. In the canonical b-cell model, glucose enters the cell via the Glut2 transporter, is phosphorylated by glucokinase, and is then processed by the ubiquitous 'housekeeping' energy-producing machinery of the cell (Ashcroft & Rorsman 2004) . The consequent increase in the cytosolic ATP:ADP concentration ratio in the cytosol then closes the ATP-inhibited K C channels (K ATP ) in the plasma membrane. In the b-cell, these channels are made up of Kir6.2 subunits (Ashcroft & Rorsman 2004) . Since open K ATP channels generate tonic hyperpolarization of the b-cell and so dampen its excitability, their closure results in depolarization and increased electrical activity.
The key glucose-sensing features of this scheme are the glucose transporter Glut2 and glucokinase (hexokinase IV). The Glut2 transporter has a low affinity (high K m ) for glucose, which prevents it from saturation within the physiological range of glucose concentrations in the blood. Similarly, glucokinase, unlike the more ubiquitously expressed hexokinase I, has a low affinity for glucose and is not inhibited by its product, glucose-6-phosphate. Together, these two proteins ensure that changes in extracellular glucose levels within the physiological range are converted to proportional changes in the cytosolic ATP:ADP ratio, and hence generate proportional changes in electrical excitability.
(ii) Elements of the b-cell model shape excitability and glucose responses of glucose-excited neurons The b-cell model influenced numerous investigators to test whether glucose-excited hypothalamic neurons use the same strategy. A large number of these studies were molecular, looking for the rather circumstantial evidence of whether molecules implicated in glucosesensing in the b-cell are also present in hypothalamic glucose-sensing neurons. Expression of Glut2, glucokinase and Kir6.2 was found in some, but not all, glucose-excited neurons . Furthermore, these molecules were also present in nonglucose-sensing neurons (Lynch et al. 2000) . Thus, the molecular support for the idea that all glucoseexcited neurons rely on the b-cell tools to sense glucose is currently inconclusive, and several authors agreed that glucose-mediated excitation of neurons is unlikely to be mechanistically identical to that of b-cells (Yang et al. 1999; Levin et al. 2004) . If glucose entry into the cell plays a role in hypothalamic glucose-sensing, it is most likely mediated by Glut3, a transporter which is present in glucose-sensing neurons , and whose K m (1-3 mM) is actually better suited for the low levels of glucose in the brain than that of Glut2 (15-20 mM).
Functional experiments testing whether hypothalamic glucose-sensing neurons behave according to a b-cell-like model were also carried out. Pharmacological blockade of glucokinase decreased the activity of glucose-excited neurons . In turn, in glucose-excited neurons of the ventromedial nucleus, reductions in extracellular glucose levels activated channels with biophysics and pharmacology consistent with K ATP channels (Ashford et al. 1990; Wang et al. 2004) . Correspondingly, knockout of the Kir6.2 subunit of the K ATP channel led to a threefold increase in the spontaneous firing rate of ventromedial hypothalamic neurons, which could not be further increased by glucose (Miki et al. 2001) . Together, these experiments are in agreement with the idea that in some glucose-excited neurons, certain molecular components of the b-cell model influence excitability and glucose-sensing. However, in neurons of the arcuate nucleus the knockout of Kir6.2 did not abolish glucose-induced excitation (Fioramonti et al. 2004) . Thus, although the Kir6.2-containing K ATP channel may in certain cases play a vital role in glucose-sensing carried out by hypothalamic neurons, it is clearly not universally essential for glucose-induced excitation.
Perhaps the most critical observation required to validate any b-cell-like model is that increases in extracellular glucose concentration should be converted into elevations in cytosolic ATP levels. Cytosolic ATP changes can be monitored using genetically targeted luciferases, and this approach revealed robust glucose-induced elevations in cytosolic ATP in b-cells, hypothalamic glia, and cerebellar neurons (Kennedy et al. 1999; . However, the same authors did not detect glucose-induced increased in cytosolic ATP in hypothalamic neurons . Moreover, when the cytosol of hypothalamic neurons was continuously perfused with a high concentration of ATP (via the whole-cell patch-clamp configuration), a reduction in extracellular glucose was still able to induce membrane hyperpolarization . Such experiments question the usefulness of b-cell-based models as a framework for understanding hypothalamic glucose-sensing neurons.
(b) Glucose sensing without intracellular glucose metabolism The idea that intracellular glucose metabolism is a crucial component of specific neuronal sensing of glucose, by analogy with the influential b-cell model described above, has been a popular assumption in many studies. However, there is no a priori reason why glucose-sensing neurons should use their housekeeping intracellular energy-producing machinery as a specific signalling pathway for converting changes in extracellular glucose into changes in electrical activity. Intracellular ATP metabolism is a general, ubiquitous process ultimately essential for maintaining any electrical response of an excitable cell, but, as discussed above, the idea that it is more specifically involved in neuronal glucose-sensing is currently not supported by experimental data. In fact, metabolizing glucose would be a rather unusual way of generating a neuron-specific electrical response, since the specific action of most other modulators of neuronal excitability (neurotransmitters, neuropeptides, hormones) does not require metabolizing the stimulus itself. So is there any evidence that, like most other chemical stimuli that affect neuronal excitability, changes in glucose could themselves trigger specific changes in electrical activity, without having to generate corresponding 'signalling' changes in ATP?
(i) Electrogenic glucose entry One potential mechanism for how this may occur is electrogenic translocation of glucose across the plasma membrane, where the entry of (electrically neutral) glucose is directly coupled to transmembrane movement of ions. For example, the sodium-glucose cotransporters (SGLTs) move glucose together with Na C ions, and so generate inward currents in the process of transporting glucose into cells, resulting in depolarization and increased excitability (Elsas & Longo 1992) . This potentially provides a simple and direct way to convert fluctuations in glucose levels into changes in electrical activity, since the electrochemical force for SGLT-mediated Na C entry, and hence the magnitude of Na C current, are directly determined by the extracellular glucose concentration. This mechanism was recently demonstrated to be involved in glucoseinduced excitation of intestinal cells that secrete glucagon-like peptide 1 (Gribble et al. 2003) . A comprehensive experimental evaluation of whether such a mechanism might operate in glucose-sensing neurons has not yet been carried out, but the data collected so far appear consistent with this idea. For example, intracerebroventricular injection of the SGLT inhibitor phloridzin stimulated feeding in rodents (Glick & Mayer 1968; Tsujii & Bray 1990) , and inhibited glucose-induced excitation of ventromedial hypothalamic neurons in brain slice preparations (Yang et al. 1999) . Incidentally, it is noteworthy that the phenomenon of reversal potential observed for the glucose-induced current in glucose-excited neurons of the arcuate nucleus (Fioramonti et al. 2004 ) could be consistent not only with a non-selective cation channel, but also with an electrogenic co-transporter or exchanger, which, like ion channels, exhibit electrochemical reversal potentials according to basic thermodynamic laws (e.g. Blaustein & Lederer 1999) .
(ii) Glucose receptors: specific non-transporting detectors of extracellular glucose There is no a priori reason for why glucose has to get inside a neuron in order to change the latter's electrical activity. After all, most other extracellular messengers alter electrical activity of neurons not by entering the cytosol but by binding to specific extracellular receptors that, either directly or via intracellular signal transduction cascades, control transmembrane fluxes of ions. Is there any evidence that specialized 'glucose (Holsbeeks et al. 2004) . While it remains to be examined whether such signalling pathways are involved in glucose-induced electrical responses of hypothalamic glucose-sensing neurons, these recent experiments make it clear that glucose entry into the cell is not a necessary prerequisite for specific glucosesensing. At least in some cases, glucose-sensing can operate analogously to the classical specific sensing systems for neurotransmitters and neuropeptides.
(iii) Hypothalamic astrocytes as primary detectors of glucose changes? Although astroglial cells (astrocytes) were for a longtime viewed as purely supporting, passive elements of the brain, it is now clear that they directly respond to diverse physiological stimuli, bi-directionally communicate with neurons, and play an active role in central information processing (Verkhratsky et al. 1998; Araque et al. 2001; Nedergaard et al. 2003) . Can astrocytes be the primary physiological detectors of extracellular glucose changes, with glucose-sensing neurons acting as downstream effectors? This intriguing possibility was suggested by data of Ainscow and co-workers, who reported that hypothalamic glia (but not hypothalamic neurons) respond to a rise in extracellular glucose with a large increase in glycolytic ATP production, which would be expected to lead to glial release of lactate Pellerin & Magistretti 2004) . They also showed that both hypothalamic neurons and glia express high levels of the lactate transporter MCT1, and that lactate elevates cytoslic ATP levels and closes K ATP channels in hypothalamic neurons . These results inspired models where, upon a rise in extracellular glucose, glia produce lactate, which is transported from glia and into neurons by MCT1, and consequently depolarizes and excites the neurons by closing the K ATP channels Burdakov & Ashcroft 2002 ). The latter prediction was recently supported by the observation that lactate has excitatory actions on glucose-excited neurons of the ventromedial nucleus, but not on non-glucosesensing neurons (Song & Routh 2005) . In turn, pharmacological disruption of metabolic coupling between neurons and astrocytes in vivo prevented glucose-induced c-fos activation of ARC neurons (Guillod-Maximin et al. 2004) , and the MCT1 transporter was found in some glucose-sensing neurons of the ventromedial nucleus . There is thus considerable evidence in support of the idea that hypothalamic astrocytes may play a role in excitation of hypothalamic neurons by glucose. However, the fact that glucose-sensing responses of hypothalamic neurons could be observed in isolated cell preparations Kang et al. 2004) , where the low cell density probably precludes neuron-glia interactions, suggests that astrocytes are not essential for hypothalamic glucose-sensing, and are likely to play a more complementary role.
OUTPUT: NEUROTRANSMITTER IDENTITIES AND PROJECTION TARGETS OF GLUCOSE-SENSING NEURONS
The neurotransmitter identities, and thus the exact neurophysiological roles, of hypothalamic glucosesensing neurons remained unclear for many years after their discovery. However, recent advances in hypothalamic neurochemistry and consequent design of animal models that allow targeted recordings from neurochemically defined populations of neurons are helping to reveal fundamental information about transmitter identities and projection targets of these cells.
(a) Lateral hypothalamic neurons Considerable experimental attention was recently attracted by a newly discovered subset of lateral hypothalamic neurons, those that contain the peptide transmitters orexins/hypocretins Sakurai et al. 1998) . Orexinergic projections were found widely throughout the brain, with especially dense innervation of areas that regulate arousal, appetite and metabolism (Peyron et al. 1998 ). Lack of orexins or of orexin neurons caused the symptoms of narcolepsy/cataplexy (intrusions of rapid-eye-movement sleep and sleep paralysis into normal wakefulness), hypophagia, and late-onset obesity (Chemelli et al. 1999; Hara et al. 2001) . Orexin neurons appeared to be more active during wakefulness and relatively silent during slow-wave sleep (Estabrooke et al. 2001; Kiyashchenko et al. 2002) . In turn, central administration of orexins stimulated wakefulness, sympathetic nervous system activity, food intake and locomotor activity (reviewed in Siegel 2004; Willie et al. 2001; Sutcliffe & de Lecea 2002; Taheri et al. 2002; Taylor & Samson 2003) .
Initial experiments examining the effects of glucose on the lateral hypothalamic neurons of the rat suggested that orexin-A was not expressed in neurons that exhibited electrical responses to glucose (Liu et al. 2001) . However, another study, published more or less simultaneously, found that glucose inhibits intracellular calcium signals in a substantial fraction of isolated rat orexin neurons (Muroya et al. 2001) , indicating that at least some lateral hypothalamic orexin cells display glucose-sensing properties. Subsequent electrophysiological recordings from isolated mouse orexin neurons were consistent with the latter data from rat orexin neurons, and convincingly demonstrated that the majority (80-100%) of orexin neurons are directly hyperpolarized and inhibited by glucose, albeit in a supra-physiological (O5 mM) concentration range (Yamanaka et al. 2003) . More recently, we found that physiological concentrations of glucose (0.2-5 mM) directly hyperpolarize and inhibit most (ca 95%) mouse orexin neurons in situ, in lateral hypothalamic brain slice preparations (Burdakov et al. 2005) . Thus, the balance of evidence currently suggests that the wakepromoting activity of orexin neurons would be inhibited by a rise in glucose, and stimulated by a fall in glucose. The finding that mice whose orexin neurons are specifically destroyed failed to respond to fasting with increased wakefulness and activity (Yamanaka et al. 2003 ) is consistent with this idea.
Another population of lateral hypothalamic cells that attracted much recent attention are neurons that use the peptide transmitter melanin-concentrating hormone (MCH). Like orexin neurons, MCH neurons project widely throughout the brain (Bittencourt et al. 1992 ), but, in many respects, their physiological roles seem to be the opposite of those of orexin cells. In mice, knockout of MCH increased metabolic rate (measured as rate of oxygen consumption per unit body weight) and reduced body weight (Shimada et al. 1998) ; these characteristics were shared by animals lacking the MCH receptor MCH1R (Marsh et al. 2002) . Intracerebroventricular injection of MCH in rats dose-dependently increased the quantities of rapid-eye-movement and slow wave sleep (Verret et al. 2003) , and ablation of prepro-MCH or MCH1R in mice led to enhanced wheel running activity (Zhou et al. 2005) . These data suggest that the release of endogenous MCH promotes sleep and suppresses locomotor activity and energy expenditure. The role of MCH in the control of food intake is less clear. In mice, knockout of MCH increased food intake during the day, but decreased it during the night, with the net (whole-day) result being a reduction in food intake (Shimada et al. 1998) . Originally, central administration of MCH in rats was reported to either reduce (Presse et al. 1996) or increase (Qu et al. 1996) food intake. Similar studies performed later were more consistent with the latter finding, and indicated that central injection of MCH increases food intake in rats (Rossi et al. 1997 ) and mice (Marsh et al. 2002) . Therefore, it was surprising that mice missing MCHR1 receptor, which is essential for hyperphagia observed upon chronic central administration of MCH (Marsh et al. 2002) , exhibited increased food intake (Chen et al. 2002; Marsh et al. 2002 ). Yet, systemic or central administration of an MCHR1 antagonist reduced food intake (Borowsky et al. 2002; Georgescu et al. 2005) . Physiological effects of MCH on appetite thus appear to be complex, especially considering that MCH may also regulate anxiety and depression (Borowsky et al. 2002; Georgescu et al. 2005) .
Our recent examination of the effects of changes in glucose on the electrical excitability of MCH neurons in mouse brain slices indicated that most (ca 80%) of MCH neurons are directly and dose-dependently depolarized and excited by glucose within the physiological concentration range (Burdakov et al. 2005) . Based on the above-mentioned effects of MCH on locomotor activity and body energy balance, these data imply that glucose-induced excitation of MCH neurons may promote sleep and suppress energy expenditure.
With regards to physiological implications, these findings make the orexin and MCH neurons of the lateral hypothalamus perhaps the best understood glucose-sensing cells to date. The opposite effects of glucose on orexin and MCH neurons are consistent with a simple model where physiological changes in brain extracellular glucose can directly control sleepwake behaviour and energy expenditure (figure 1). It is tempting to speculate that these interactions may be involved in the well documented but poorly understood phenomena of hunger-induced arousal and after-meal sleepiness. (b) Arcuate nucleus neurons On the electrophysiological and molecular levels, at present the arcuate nucleus is probably the best understood brain region in relation to central control of appetite and metabolism. The widely accepted model today is that the activity of arcuate neuropeptide Y (NPY) neurons promotes weight gain by stimulating appetite and suppressing energy expenditure, whereas arcuate neurons that contain proopiomelanocortin (POMC) cause weight loss by inhibiting feeding and stimulating energy expenditure (Schwartz et al. 2000; Cone et al. 2001) . These actions are thought to be mediated by the projections from arcuate NPY and POMC neurons to numerous CNS regions that control appetite and metabolism (reviewed in Elmquist et al. 1999; Kalra et al. 1999; Schwartz et al. 2000; Cone et al. 2001) . A crucial feature of this influential model is that the activity of NPY and POMC cells is oppositely regulated by signals of body energy status, and this 'push-pull' synergism avoids contradictory influences of NPY and POMC neurons (Schwartz et al. 2000; Cone et al. 2001) . For example, the appetite-suppressing hormone leptin electrically excited POMC neurons and inhibited NPY neurons, while the appetite-enhancing hormone ghrelin inhibited POMC neurons but activated NPY neurons (Cowley et al. , 2003 van den Top et al. 2004) . Does glucose, a signal of energy plenty, excite POMC neurons and inhibit NPY neurons? Although the data collected to date are not plentiful, there are some experimental results that are consistent with this idea. Muroya et al. (1999) found that lowering extracellular glucose concentration increased cytosolic calcium signals in neurons isolated from the rat arcuate nucleus, and 94% of these cells were immunoreactive for NPY. Because increased cytosolic calcium levels can be caused by increased spike firing rate, this suggests that firing of arcuate NPY neurons is directly inhibited by glucose, yet this remains to be validated by recordings of electrical activity in synaptically isolated arcuate NPY cells. For arcuate POMC neurons, electrophysiological effects of glucose were investigated in both mice and rats. Ibrahim et al. (2003) , using whole-cell and cell-attached patch-clamp recordings in mouse brain slices, found that ca 80% of POMC neurons (identified for recordings by transgenic eGFP fluorescence) were excited by glucose, but whether this effect was direct or presynaptic was not established. However, Wang et al. (2004) , using whole-cell recordings and post-recording POMC immunolabelling in rat brain slices, did not detect POMC in 8/8 glucoseexcited neurons. This possible discrepancy may be indicative of species differences (mouse versus rat), but, perhaps more likely, it reflects the possibility that only a subpopulation of POMC neurons are glucose-excited.
(c) Ventromedial nucleus neurons From the discovery of hypothalamic glucose-sensing cells until the present, the neurons of the hypothalamic ventromedial nucleus were the most popular experimental target for investigators interested in hypothalamic sensing of glucose. However, while these cells and their responses to glucose are undoubtedly very important for body energy balance, the ventromedial neurons remain probably the least understood hypothalamic glucose-sensing cells with regards to their projection targets and neurochemical identity. This is likely because no endogenous neurochemical marker that is relatively specific for soma and terminals of ventromedial neurons was yet discovered, in contrast to arcuate neurons (which contain POMC or NPY) and neurons of the lateral hypothalamus (which contain orexins or MCH). Single cell RT-PCR studies indicated that some, if not all, ventromedial hypothalamic neurons, including glucose-excited neurons, are GABAergic (Miki et al. 2001; Kang et al. 2004) . The physiological implications of these findings would depend on the innervation targets of these glucose-modulated GABAergic cells, which are currently unknown.
CONCLUDING REMARKS
The biophysical mechanisms underlying the specific glucose-sensing responses of hypothalamic neurons are still controversial, and several possibilities exist at present (figure 2). These general mechanisms are not mutually exclusive, and glucose-sensing neurons may well use a combination of such pathways. It is also possible that different glucose-sensing mechanisms could be used by different populations of hypothalamic glucose-sensing cells, and possibly even by the same neuron for different parts of the physiological spectrum of glucose levels. For example, metabolism-based pathways (figure 2) may be best suited for detection of severe hypoglycaemia, whereas metabolism-independent sensing (figure 2) may provide a good strategy for reliable conversion of small changes in extracellular glucose into electrical responses. While much remains to be learnt about the biophysical strategies of neuronal sensing of glucose, recent localization of specific glucose-sensing responses to neurochemically and behaviourally defined hypothalamic neurons emphasizes fundamental roles of these cells in the control of sleep, appetite and body weight.
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